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The eukaryotic Ssu72 factor is involved in several RNA biogenesis processes. It has phosphatase
activity on the carboxy-terminal domain (CTD) of the major subunit of RNA polymerase II. The Kluy-
veromyces lactis Ssu72 (KlSsu72) shows in vitro phosphatase activity for the pNPP substrate, and this
activity is inhibited by ortho-vanadate. The expression of KlSsu72 in Saccharomyces cerevisiae shows
defective CTD serine5-P phosphatase activity and reveals the importance of Ssu72 for the normal
CTD serine5-P levels at two growth states. The divergence is emphasised by the remarkable changes
in RNA14 alternative 30-end RNA processing, which are independent of the CTD serine5-P levels.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction Ssu72 is highly conserved in all eukaryotes, and the humanSsu72 was initially characterized in the yeast Saccharomyces
cerevisiae due to its role in transcription initiation [1,2]. Ssu72 is
also involved in the termination of RNA polymerase II (RNAPII)
transcription [3,4] and RNA 30-end processing as part of the APT
subcomplex of the holo-CPF and is important in the 30-end cleav-
age reaction [5]. This protein has the ability to act as a tyrosine
phosphatase in vitro [6], whereas it has the ability to speciﬁcally
dephosphorylate the Ser5-P of the carboxy-terminal domain
(CTD) of the major subunit of RNA polymerase II (CTD)repeats
(Y1S2P3T4S5P6S7 heptapeptide) of Rpb1 in vivo [7], as has been dem-
onstrated using cis phospho-Ser5-Pro6 [8,9] and more recently
Ser7-P as the target substrate [10,11]. Related to this function, pre-
vious studies have shown its role in transcription elongation
[12,13] and its involvement in the formation of DNA loops as part
of the reaction necessary to recycle RNAII to the promoter in a new
transcription cycle [14,15]. Moreover, Ssu72 is able to interact with
Pta1 [16], which is a 30-end RNA-processing factor (homologous to
human symplekin) that is also necessary for the formation of the
loops [14,17,18].gene hssu72 does not rescue a lethal mutation of yeast SSU72
[19]. The yeast Kluyveromyces lactis is phylogenetically related
to S. cerevisiae and is a species that is commonly used in both
biotechnological and evolutive analyses of yeasts [20,21]. Despite
having conserved transcriptional factors, the transcriptional reg-
ulation in yeast responds to speciﬁc yeast features, and the reg-
ulatory responses obtained through the exchange of these factors
are not equivalent[22,23]. Given the cellular relevance of this
multifunctional factor, the initial ﬁnding that the expression of
K. lactis SSU72 (KlSSU72) in S. cerevisiae only partially comple-
ments the S. cerevisiae SSU72 encouraged us to identify functions
that are not conserved between these two transcription factors
and to therefore obtain new information on the molecular
alternatives of the fundamental co-transcriptional processes in
yeasts.
2. Materials and methods
2.1. Cloning KlSSU72 for expression in S. cerevisiae
Using the sequence information available in Genolevures data-
base (URL: http://www.genolevures.org/), the KlSSU72 gene was
ampliﬁed using speciﬁc primers: KlSsu72U 50-CAAAGCTTCCAGCTG
ATCCTGAAGTTGAA-30, KlSsu72R 50-CAAAGCTTCGAACGGGAAGGAT
AGAATCA-30 and the genomic DNA of the K. lactis strain NRRL
Y-1140 as template. After digestion with HindIII, the 1.3 kb
fragment, containing 500 bp promoter and 200 bp 30-UTR
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YCplac22 [24], obtaining plasmid pRG4.
2.2. Yeast strains, plasmids and growth conditions
S. cerevisiae strains are the follow: YZS89AB is isogenic to
YZS89A [2], except that it expresses Ssu72 in pDP62 plasmid;
The Ssu72 strain elongation-defective was YZS84 (MATa ssu72-2)
[13]. The YMF72-1 strain was obtained after plasmid-shufﬂe of
YZS89A with plasmid pRG4 and, therefore, it expresses KlSSU72
as sole Ssu72 source. Growth media Plasmids carrying the URA3
marker were counterselected on synthetic medium containing 5-
ﬂuoro-orotic acid (FOA) (Sigma). The FY23 strain was previously
described [25]. Growth media were prepared as previously
described [26]. The K. lactis strain NRRL Y-1140 (CBS 2359) was
used as template for KlSSU72 PCR cloning.
When indicated 6-AU (6-Azauracil, Sigma) was added to a ﬁnal
concentration of 100 lg/ml.
The plasmid pG10 is an N-terminal glutathione S-transferase
(GST)-KlSsu72 fusion: KlSSU72 was PCR ampliﬁed with speciﬁc
primers K72pGEX1 50-GAAGGATCCTCAATGAGAAATAGCGGGCTT-30
and K72pGEX3 50-GAAGAATTCGAACGGGAAGGATAGAATCA-30, the
product was digested with BamHI and EcoRI, and ligated into
pGEX2TK plasmid. The S. cerevisiae Ssu72 fused to glutathione
S-transferase (GST) was expressed from plasmid pGSSU72 [7].
2.3. Protein puriﬁcation
Escherichia coli BL21(DE3) (Novagen) cells were transformed
with the GST-SSU72 vectors, from S. cerevisiae and K. lactis, and
grown in rich medium containing 100 lg/ml ampicillin at 37 C
until the optical density at 600 nanometers (OD600) reached 0.6–
1. The cultures were supplemented with isopropyl-b-D-thiogalac-
topyranoside (IPTG, 0.5 mM) to induce fusion protein expression
and incubated for 2–3 h prior to harvest and cell disruption by son-
ication. The recombinant Ssu72 proteins were afﬁnity-puriﬁed
using Glutathione Sepharose 4B beads (GE Healthcare) equili-
brated with PBS buffer. After 3 washes with the same buffer, pro-
teins were eluted with buffer A (50 mM Tris–HCl pH 8.0, 10 mM
reduced glutathione), dialysed against the same buffer without
glutathione and then concentrated with Amicon Ultra 30 K Ultra-
cell (Millipore). Samples were electrophoresed in SDS–PAGE to
check for fusion protein puriﬁcation quality.
2.4. Phosphatase activity assays
The non-speciﬁc phosphatase activity assay was carried out
using the general substrate para-nitrophenylphosphate (pNPP)
(Santa Cruz Biotechnology) in a reaction mixture containing
0.1 M Tris–HCl buffer pH 6.5, 1 mM DTT, various pNPP concentra-
tions (0–300 mM) with 10 lg of Ssu72 or 20 lg of KlSsu72 en-
zymes. After incubation at 28 C for 30 min, the reaction was
stopped by adding an equal volume of 2.0 M NaOH, and the re-
leased pNP was measured at 405 nm. Michaelis–Menten kinetics
parameters for puriﬁed Ssu72 enzymes were determined by mea-
suring initial reaction rates at pNPP concentrations from 20 to
300 mM. The inhibitory effect of sodium ortho-vanadate (Sigma–
Aldrich) was tested on the pNPP phosphatase activity of the GST-
Ssu72 proteins in the above reaction buffer and conditions.
2.5. Crude extract preparation and western blot for CTD-
phosphorylation analysis
Protein crude extracts were prepared from yeast cells grown at
the desired absorbance following the protocol previously described
for CTD phosphorylation analysis [27,7]. Speciﬁc primary antibod-ies, 8WG16 (non-phosphorylated CTD) and H14 (Ser5-P) were pur-
chased from Covance. Rpb3 and Rap1 antibodies were from Santa
Cruz Biotechnology. The Ssu72 antibody was purchased from
Abnova. Rpb3 subunit of RNAPII was used as protein-loading con-
trol respect to Rpb1. When the Rpb3 signal was very low, Rap1 lev-
els were used instead.
2.6. Northern experiments
RNA14 transcript levels were analysed by Northern blot. RNA14
probe was obtained by PCR using the primers Rna14U: 50-
AATAAAAGGCCAAACTGGAGA-30 and Rna14R: 50-TGGTGCTCT
CAACTGTTGGGAA-30 (2.05 kb probe). The CYC1probe was obtained
by BamHI-HindIII digestion of YCpCYC1 2.4. The KlSSU72 probe was
obtained by PCR with the same oligos used for cloning. Total RNA
extraction and hybridisation conditions were as in [28]. Cells were
stopped at early logarithmic phase. A double normalization (N)
was performed on mRNA signals for better comparison among
the different mutants. First, all transcripts were normalized with
respect to U3. Secondly, RNA14 signals were normalized with re-
spect to the 1.5 band in the wild type strain.
2.7. b-Galactosidase assays
Strains harbouring CYC1-lacZ (pLG265-UP1) [29] or INO1-lacZ
(pJS325) [30] reporter plasmids were grown at 30 C in -Ura med-
ium to mid-log phase (OD600 0.6–1). Cells were harvested and
resuspended in -Ura medium containing 2% glycerol for CYC1-lacZ
strains, (ii) or 2% dextrose for INO1-lacZ strains. These cultures
were grown 2 h. Activities were determined by duplicate assays
of three independent transformants and are expressed according
to [31].
3. Results
3.1. Replacement of SSU72 by KlSSU72 in S. cerevisiae and expression
analysis
To express the KlSSU72 gene in S. cerevisiae, the YZS89A strain
[2] was transformed with plasmid pRG4 and further cured in
FOA to obtain a new strain expressing only KlSSU72: YMF72-1. As
shown in Fig. 1A the expression of KlSSU72 allows the S. cerevisiae
cells to remain viable, but with impaired capability to grow com-
pared with the isogenic strain expressing SSU72. Regarding the
growth phenotypes associated with this heterologous expression,
the YMF72-1 strain is temperature sensitive (ts) (Fig. 1B, raw 3).
Some SSU72 mutants alter transcription elongation causing a
defective growth pattern in 6-AU (6-Azo-Uracil) [12,13]. As shown
in Fig. 1B, there is not a growth phenotype related to elongation in
the YMF72-1 strain suggesting that this Ssu72 function is
conserved.
In summary, although KlSSU72 allows cell viability when ex-
pressed in S. cerevisiae, the impaired growth at 30 C and the ts
phenotype clearly reﬂects that not all functions are conserved.3.2. Comparative sequence analysis of Ssu72 proteins
The KlSsu72 protein is highly similar to S. cerevisiae Ssu72 (76%
identity and 88% overall similarity). It contains the signature motif
for a protein–phosphatase of low molecular weight (LPT) and the
D-loop necessary for catalysis [6] (Fig. 2A). The Cap-domain, not
present in LPT and exclusive for Ssu72 proteins, in KlSsu72 is
encompassing positions 44 and 95 (grey underlined in Fig. 2A).
This region includes the dynamic ﬁnger (DF) formed by the two
antiparallel beta strands b3 and b4 (Fig. 2C). Its presence is neces-
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Fig. 1. Expression of KlSSU72 in S. cerevisiae. (A) S. cerevisiae strains expressing different SSU72 sources and viability on FOA. 1: FY23 wild type (genomic SSU72) transformed
with vector Ycplac22 (TRP1); 2: YZS89AB (ScSSU72); 3: YMF72-1 (KlSSU72); 4: YZS89A transformed with vector Ycplac22 (TRP1). (B) Associated growth phenotypes. Strains 1:
FY23; 2: YZS89AB; 3: YMF72-1. Cells grown on -Trp media. (C) Growth on YPD using the ssu72-2 mutant as temperature sensitive and elongation defective strain. FOA: 5-
ﬂuoroorotic acid; 6-AU: 6-Aza-Uracil.
Fig. 2. Protein sequence analysis. (A) Dual alignment of S. cerevisiae (Sc) and K. lactis (Kl) SSU72 factors primary sequence. The characteristic low molecular weight
phosphatase residues are labelled in bold-face. The secondary structure for S. cerevisiae is included. The residues of the ‘‘cap domain’’ are underlined in grey and the ﬁnger
residues included in a yellow box. (B) C-terminal Ssu72 multiple alignment including sequences for fusion yeast S. pombe (Sp), Drosophila melanogaster (Dm), and human (H)
sequences. (C) Crystal structure of Ssu72 from PDB: Worldwide Protein Data Bank (PDB ID: 3P9Y1), modiﬁed with Pymol, showing the ‘‘cap domain’’ (cap) and the position of
the substrate (the CTD-phosphopeptide, in blue).
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Ser5-Pro6, and to limit the access to the binding pocket of Ssu72
[17,18]. The ﬁve residues essential for Drosophila Ssu72 substraterecognition (M17, P46, D51, Y77 and M85) [18] are conserved in
yeasts. The ﬁnger region at positions 44–60 is identical for K. lactis
and S. cerevisiae Ssu72 (positions 39–59) (Fig. 2A).
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Fig. 3. In vivo analysis of CTD phosphorylation status expressing KlSsu72 in S.
cerevisiae. Western experiments using protein extracts from cells grown in: (A)
Early logarithmic phase, (B) Late logarithmic phase. 1: FY23; 2: YZS89AB; 3:
YMF72-1. N: normalized values respect Rpb3 signal. Protein extracts from strains
1FY23; 2: YZS89AB; 3: YMF72-1. Blots incubated with the indicated antibodies. (C)
Transcription analysis of KlSSU72 in S. cerevisiae at Early (EL) and late (LL)
logarithmic phase. N: normalized values respect to U3.
2620 A.M. Rodríguez-Torres et al. / FEBS Letters 587 (2013) 2617–2622The Ssu72 factors display a less-conserved C-terminal region, as
shown in Fig. 2A. Despite this result, the multiple alignment anal-
yses with the yeast Schizosaccharomyces pombe, Drosophila, and hu-
man Ssu72 (Fig. 2B) revealed a common feature of KlSsu72 with
the S. cerevisiae Ssu72: the presence of a region between aF and
aG (Fig. 2B in blue), the relevance of which is unknown. In sum-
mary, the KlSsu72 factor, similarly to Ssu72, contains all of the do-
mains necessary for a yeast CTD phosphatase and is highly
homologous to S. cerevisiae Ssu72.
3.3. Analysis of KlSsu72 as a protein phosphatase in vitro
The KlSsu72 phosphatase activity was tested in vitro using the
GST-KlSsu72 fusion protein and the pNPP substrate. For compari-
son purposes, GST-Ssu72 was used [7]. As indicated in Table 1,
KlSsu72 is a phosphatase with a Km of 51.2 ± 2.6 mM for the pNPP
substrate. The same assay conditions showed that Ssu72 has a sim-
ilar Km value of 32.1 ± 2.8 mM. The analysis of the speciﬁcity con-
stant Kcat/Km revealed a 15-fold increase in the efﬁciency of
KlSsu72 compared with that of Ssu72.
The KlSsu72 catalytic activity is inhibited by the oxyanion van-
adate (Supplementary Fig. 1): an inhibitor concentration of 0.3 lM
causes a 50% reduction in the KlSsu72 phosphatase activity. This
result corroborates the functionality of KlSsu72 as a phosphatase.
The similar kinetics values obtained for the yeast Ssu72 phos-
phatases are consistent with the homology data between the two
yeast Ssu72 proteins shown in Fig. 2. From these results, we may
conclude that KlSsu72 has phosphatase activity in vitro.
3.4. Analysis of KlSsu72 as a CTD phosphatase in S. cerevisiae
The slow growth of the YMF72-1 strain and the previous data
on the changes in the CTD phosphorylation pattern compared with
the growth phase [27] allowed us to analyse the in vivo CTD phos-
phorylation levels in the presence of either Ssu72 or KlSsu72 at two
different growth states. As shown in Fig. 3A, the S. cerevisiae cells
expressing KlSsu72 exhibit Ser5-P levels that are threefold higher
(lane 3) than those in the cells expressing Ssu72 (lanes 1 and 2).
The Rpb3 levels in are similar, which indicates that there were
no signiﬁcant changes in the abundance of the RNAPII components.
As a general loading control, Rap1 was included, and the results
demonstrated equal loading.
The Ser5-P levels at the late exponential phase were also ana-
lysed. As shown in Fig. 3B, the cells expressing Ssu72 exhibit a
low Ser5-P signal, and a threefold increase was observed in the
cells expressing KlSsu72, similarly to the results observed at the
early phase.
The KlSsu72 levels are high at early growthphase anddecrease at
late exponential phase (Fig. 3A and B). This result is in agreement
with KlSsu72 mRNA decrease at late exponential phase. However,
despite the changes in protein abundance, there are no changes in
Ser5-P levels. On the contrary, there is an increase of Ssu72 expres-
sion at late exponential phase and a concomitant decrease on Ser-5P
levels, as expected for its Ser-5P phosphatase activity in vivo.
These ﬁndings corroborate that KlSsu72 expressed in S. cerevisi-
ae is not able to dephosphorylate Ser5-P to a similar level as Ssu72.
Therefore we were able to show the in vivo defect of KlSsu72 in the
dephosphorylation of the CTD Ser5-P.Table 1
Catalytic parameters of yeast GST-Ssu72 proteins.
Km (mM) Kcat (s1) Kcat/Km (s1/mM) Vmax mM/mina
S. cerevisiae 32.1 ± 2.8 0.0113 3.52  104 0.013
K. lactis 51.2 ± 2.6 0.109 2.13  103 0.127
a Per mg of protein.3.5. Effects on transcription and RNA processing
A comparative expression analysis was performed with the
transcriptional reporters using the INO1 and CYC1 promoters fused
to lacZ, as was previously performed for Ssu72 [2]. The b-galactosi-
dase experiments (Fig. 4A) indicate a lower expression of both
reporters in the strains expressing KlSsu72 compared to the
wild-type isogenic strain. Therefore, the expression of KlSsu72 in
S. cerevisiae causes a reduction in the transcription of the CYC1
and INO1 reporters.
To determine whether the expression of KlSSU72 in S. cerevisiae
causes changes in transcription and RNA 30-end processing, we
tested the dependence of the transcript predominance on both
the temperature and the Ssu72 source (Fig. 4B). The ssu72-2 mu-
tant strain was included because it exhibits defects in ser5-P
dephosphorylation depending on the temperature [13].
The cells that express KlSsu72 exhibit an increase in the 1.5-kb
RNA14 transcript level that is associated with changes in the rela-
tive predominance of 1.5- and 1.1-kb transcripts (compare ratios in
lanes 1 and 2 with those in lanes 5 and 6). This result is due to an
increase in the 1.5-kb transcripts compared with the wild-type and
is independent of the temperature. This relevant effect was not ob-
served in the cells expressing ssu72-2 (Fig. 4B, lanes 3 and 4). More-
over, in agreement with the b-galactosidase experiments, the CYC1
transcript signal decreased in both the ssu72-2 and the KlSSU72
backgrounds. Therefore, KlSsu72 causes two independent effects
in S. cerevisiae: a reduction in transcription, as observed with
CYC1 and INO1, and changes in the alternative RNA 30-end process-
ing selection.
4. Discussion
The combination of CTD covalent modiﬁcations is a key step in
multiple functions related with gene expression in the nucleus. Its
Ser5 phosphorylation levels are essential for transcriptional elon-
gation, termination, RNA processing and transcription re-initiation
U3
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Fig. 4. Effect of KlSsu72 on S. cerevisiae transcription and RNA processing. (A) b-Galactosidase activities expressed from the INO1-lacZ under repression conditions (+Ino).
CYC1-lacZ under non-repressing conditions in 2% glycerol. Error bars were calculated using data from three independent experiments. (B) Northern analysis of RNA14 and
CYC1 transcript levels. Ssu72 sources: YZS89AB strain, KlSsu72: YMF72-1 strain, ssu72-2 YZS84 strain. N: normalized values. R: ratio of normalized values of 1.5/1.1 transcript
signals.
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activity through well-conserved catalytic site residues for a LPT
protein phosphatase but is defective in this function on CTD
Ser5-P in vivo. Taking advantage of this KlSsu72 functional defect,
we showed the in vivo role of Ssu72 as an important factor for Ser5-
P at both the early and the late exponential growth phases.
The analysis of the Ssu72 function associated with transcription
and 30-end RNA processing revealed that the presence of KlSsu72
causes a notable decrease in the expression of the S. cerevisiae
CYC1 and INO1 reporter genes with respect to cells expressing
Ssu72 (Fig. 4A). A remarkable increase (12-fold) in the 1.5-kb
RNA14 transcript was found in the cells expressing KlSsu72
(Fig. 4B) compared with the cells expressing either wild-type or
the ssu72-2 mutant.
Is possible to argue that the increase of the RNA14 1.1 kb tran-
script may be due to an unphysiological state of CTD, due to the
high levels of Ser-5P when the RNAPII reaches the ﬁrst RNA pro-
cessing site, and therefore the use of a downstream site is favoured.
However, the ssu72-2 mutant is also defective in Ser5-P dephos-
phorylation [13], and we don’t ﬁnd the 1.1 kb transcript signal in-
crease effect. The ssu72-2 mutant is defective in elongation [13]
and has impaired growth in 6-AU while the strain expressing
KlSsu72 does not. Therefore, although the Ser-5P are important,
the changes in the RNA14 transcripts in the cells expressing
KlSsu72 are most likely independent of its defective CTD Ser5-P
phosphatase activity. Recently, several mutations of Ssu72 were
identiﬁed in a terminator read-through assay [35], since Ssu72 is
a multifunctional factor the effects on RNA14 transcripts may be
associated to changes in the termination process when KlSsu72 re-
places Ssu72.
Therefore, we found that KlSsu72 has a differentiated effect on
transcription, as demonstrated by the decrease in the CYC1 levels
in the cells expressing KlSsu72, and on processing, as demon-
strated by the fact that KlSsu72 has a speciﬁc effect on the predom-
inance of the RNA14 transcript (Fig. 4B). This differentiated effect of
KlSsu72 on processing includes the efﬁciency and the speciﬁc
selection of the alternative processing positions. These latest re-
sults also suggest the possibility that the K. lactis 30-end processingmachinery is not well-conserved in S. cerevisiae, and further ap-
proaches, such as those we present in this work, will be very useful
for the identiﬁcation of interesting regulatory changes in eukary-
otes, such as the changes observed in this study in the Ssu72-med-
iated Ser5-P dephosphorylation and alternative 30-end RNA
processing.
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